Introduction {#Sec1}
============

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are common and devastating clinical disorders characterized by increased non-hydrostatic extravascular lung water, reduced pulmonary compliance, and acute hypoxemic respiratory failure \[[@CR1]\]. Despite substantial progress in mechanical ventilatory strategies, significant advances in the quality of care of critically ill patients, and an enhanced understanding of molecular mechanisms, the mortality rate among patients with ALI/ARDS remains unacceptably high \[[@CR2], [@CR3]\].

The pathophysiological mechanism of ALI/ARDS is believed to be associated with numerous target and effector cells \[[@CR1]\]. Among these cells, lung macrophages are the most important cells of the innate immune system and form the first line of defense against airborne particles and microbes \[[@CR4], [@CR5]\]. Macrophages recognize pathogen-associated molecular patterns and trigger innate immunity and host defenses \[[@CR6]\]. Macrophages also reportedly participate in the entire pathogenesis of ALI/ARDS, including modulation of inflammatory responses and repair of damaged lung tissues \[[@CR4], [@CR7], [@CR8]\].

Macrophages are highly plastic cells that display versatile functional phenotypes depending on microenvironmental stimuli \[[@CR9]\]. Macrophages commonly exist in two distinct subsets: the classically activated (M1) macrophages or the alternatively activated (M2) macrophages \[[@CR10]\]. M1/M2 macrophages have different functions and transcriptional profiles \[[@CR9]\]. Moreover, the balance of the M1/M2 phenotype governs the fate of an organ in inflammation or injury \[[@CR11]\]. In the acute exudative phase of ALI/ARDS, lung macrophages are M1 polarized. Continuous M1 polarization can release tumor necrosis factor α (TNF-α), interleukin 1 (IL-1), nitric oxide (NO), and reactive oxygen species (ROS) to induce a severe inflammatory response \[[@CR11]\]. In contrast, excessive M2 polarization contributes to a pathological fibroproliferative response and pulmonary fibrosis in the later fibroproliferative phase of ALI/ARDS \[[@CR12], [@CR13]\].

The findings of the present review are organized into three sections. First, the origin of macrophages are presented. Second, the polarization phenotypes and regulation of macrophages are discussed. Third, the role of macrophage polarization in ALI/ARDS is reviewed. Notably, this review is meant to be a broad overview for researchers seeking to understand the role of macrophage polarization in the development and prognosis of ALI/ARDS. The goal of the present review is to further our understanding of the physiological and pathological mechanisms that modulate macrophage polarization in ALI/ARDS.

Origin of macrophages {#Sec2}
=====================

Macrophages have long been thought to be derived from bone marrow hematopoietic stem cells (HSCs) \[[@CR14], [@CR15]\]. In response to instructive cytokines and growth factors, bone marrow HSCs produce several discrete intermediate progenitor populations including common myeloid progenitors, granulocyte and macrophage progenitors, macrophage and dendritic cell progenitors, and common monocyte progenitors, which increasingly lose self-renewing capacity as they commit to the mononuclear phagocyte lineage \[[@CR16], [@CR17]\]. Mature HSC-derived monocytes then enter the blood circulation and splenic reservoir \[[@CR17]\]. When associated mobilization signaling is activated, circulating monocytes penetrate through the capillary endothelial cell layer, migrate into many different organs, and switch to tissue-resident macrophages \[[@CR16]\].

However, recent studies have shown that a significant number of tissue macrophages are maintained independent of blood monocytes and are prenatally derived from primitive macrophages existing within the yolk sac or fetal liver (e.g., brain microglia, liver Kupffer cells, cardiac macrophages, and other macrophages that reside in the lungs, spleen, bone marrow, and peritoneal cavity) \[[@CR18], [@CR19]\]. In the steady state, these macrophages renew locally, exhibit self-maintenance, and carry out a variety of clearance and organ-specific trophic functions \[[@CR14], [@CR20], [@CR21]\]. Under inflammation, immune dysfunction, and pathologic conditions, the number of macrophages often increases dramatically \[[@CR22]\]. Tissue-resident macrophage homeostasis can be destroyed by local amplification of resident macrophages and the recruitment of circulating monocytes \[[@CR14], [@CR17]\]. Therefore, tissue-resident macrophages have a dual origin and consist of variably mixed populations of resident macrophages of embryonic origin and bone marrow-derived blood monocytes depending on the host status \[[@CR19]\]

Polarization phenotype and polarization regulation {#Sec3}
==================================================

Polarization phenotype {#Sec4}
----------------------

Macrophage polarization is a process whereby macrophages phenotypically mount a specific phenotype and functional response to different pathophysiological conditions and surrounding microenvironments \[[@CR10], [@CR23]\]. In general, two main macrophage phenotypes have been suggested: classically activated or inflammatory (M1) macrophages and alternatively activated or anti-inflammatory (M2) macrophages \[[@CR10], [@CR11]\]. However, M1/M2 polarization does not completely reflect the phenotypic populations of macrophages. The origin and properties of some other macrophage subsets remain unclear, but these subsets are known to be involved as the main players in some human pathologies; these subsets include tumor-associated macrophages (TAMs), CD169^+^ macrophages, and T cell receptor-positive macrophages \[[@CR24]\].

M1 macrophages are typically polarized by Th1-related cytokines such as interferon γ (IFN-γ) and TNF-α as well as by microbicidal stimuli such as lipopolysaccharide (LPS) recognition. These macrophages produce higher levels of TNF-α, IL-1, IL-6, IL-12, chemokine CCL8, IL-23, monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-2), ROS, and cyclooxygenase 2 (COX-2), and they strongly express inducible NO synthase (iNOS), CD16, and CD32. Functionally, this population of macrophages is mainly engaged in proinflammatory, chemotaxis, radical formation, matrix degradation, antimicrobial, and antitumoral activities \[[@CR25], [@CR26]\]. Conversely, M2 macrophages are generated in response to Th2 cytokines such as IL-4 and IL-13 as well as anti-inflammatory cytokines such as IL-10 and transforming growth factor β (TGF-β) \[[@CR27]\]. These macrophages have an anti-inflammatory cytokine profile characterized by low production of IL-12 and high production of IL-1 receptor antagonist, chemokine CCL18, arginase 1 (Arg-1), found in inflammatory zone 1 (Fizz1), chitinase 3-like 3 (Chi313), IL-10, and TGF-β. Functionally, M2 macrophages suppress effector T cells, promote tissue remodeling, and facilitate tumor development; however, they are beneficial for inflammation resolution, parasite clearance, tolerogenesis, scavenging, angiogenesis, and tissue repair \[[@CR27], [@CR28]\].

Polarization regulation {#Sec5}
-----------------------

Accumulating evidence indicates that identifying the polarized states of macrophages and switching the macrophage polarization from M1 to M2 or vice versa (repolarization or reprograming) could be novel diagnostic or therapeutic strategies for a wide variety of autoimmune and inflammatory diseases \[[@CR8], [@CR9], [@CR11], [@CR25], [@CR29]\]. However, the precise regulatory mechanisms of macrophage polarization remain incompletely understood. Macrophage polarization is a rigorously controlled process involving a set of signaling pathways and transcriptional and post-transcriptional regulatory networks \[[@CR23], [@CR30], [@CR31]\] (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Regulatory mechanisms and expression and functional characteristics of M1/M2 macrophages. M1 macrophage polarization is usually induced in vitro by IFN-γ, TNF-α, and/or LPS stimulation. M2-type activation is usually modeled in vitro by Th2 cytokines (IL-4 and IL-13), IL-10, and TGF-β stimulation. The main regulatory pathways, transcription factors, and miRs of M1/M2 macrophage polarization are outlined. The main genes and functions that are characteristic of either the M1 or M2 polarized state are also demonstrated. See text for further details. *IFN-γ* interferon γ, *TNF-α* tumor necrosis factor α, *IL* interleukin, *MCP-1* monocyte chemotactic protein 1, *MIP-2* macrophage inflammatory protein 2, *ROS* reactive oxygen species, *COX-2* cyclooxygenase 2, *iNOS* inducible nitric oxide synthase, *LPS* lipopolysaccharide, *TGF-β* transforming growth factor β, *Arg-1* arginase 1, *Fizz1* found in inflammatory zone 1, *Chi313* chitinase 3-like 3, *JNK* Jun N-terminal kinase, *PI3K* phosphoinositide 3-kinase, *STAT* signal transducer and activator of transcription, *JAK* Janus family kinase, *TLR* toll-like receptor, *NF-κB* nuclear transcription factor-κB, *HIF* hypoxia-inducible transcription factor, *IRF* interferon regulatory factor, *PPAR* peroxisome proliferator-activated receptor, *LXR* liver X receptor, *KLF* Krüppel-like factor, *miR* microRNA

JNK signaling pathway {#Sec6}
---------------------

The c-Jun N-terminal kinase (JNK) signaling pathway belongs to the superfamily of mitogen-activated protein kinases (MAPKs) \[[@CR29]\]. Three distinct isoforms in the JNK family have been identified: JNK1, JNK2, and JNK3 \[[@CR29]\]. JNK is reportedly required for M1-related inflammation and fibrosis, insulin resistance, macrophage infiltration, M1 macrophage polarization, and the M1-associated gene expression profile \[[@CR32]--[@CR36]\]. In previous studies, downregulation of phosphor-JNK induced macrophage polarization toward the M2 subset in rat white adipose tissue macrophages and in the murine macrophage cell line RAW264.7 \[[@CR37], [@CR38]\]. However, in RAW264.7 modified with malignant fibrous histiocytoma-amplified sequence 1 and praja ring finger 2, blockade of the JNK pathway did not influence the expression of M2 macrophage polarization biomarkers \[[@CR39]\]. In contrast, Hao et al. \[[@CR40]\] reported that high expression of JNK is involved in IL-4-induced M2 macrophage polarization and that JNK increases the expression of downstream transcription c-Myc and M2 markers. The regulatory effect of JNK on macrophage polarization might be mediated by the cyclic adenosine monophosphate/protein kinase A pathway \[[@CR38]\].

PI3K/Akt signaling pathway {#Sec7}
--------------------------

Phosphoinositide 3-kinases (PI3Ks), a class of lipid kinases, are constitutively expressed in various immune cells \[[@CR41]\]. Members of the PI3K family are divided into four classes based on their structural features and substrate specificity: I~A~, I~B~, II, and III \[[@CR42]\]. Class I~A~ PI3Ks can convert phosphatidylinositol 4,5-bisphosphate (PIP~2~) into the lipid second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP~3~), which results in the activation of a downstream transduction signal \[[@CR41]\]. Akt (also known as protein kinase B) is a family of three serine/threonine protein kinases (Akt1, Akt2, and Akt3) and is the most prominent effector of PI3K \[[@CR43]\]. Once the conversion of PIP~2~ to PIP~3~ occurs, the downstream proteins PDK1 and Akt will be activated \[[@CR41], [@CR44]\]. Binding of PDK1 and Akt to PIP~3~ further leads to the phosphorylation of Akt \[[@CR42]\]. Increasing numbers of studies are suggesting that the PI3K/Akt signaling pathway also plays crucial roles in macrophage activation and gene expression \[[@CR29], [@CR45]\]. Zhang et al. \[[@CR46]\] reported that inhibition of the PI3K/Akt pathway can depress M2 macrophage polarization. In fact, the PI3K/Akt signaling pathway differentially contributes to macrophage polarization depending on the Akt isoform \[[@CR43]\]. Studies have shown that Akt1^−/−^ macrophages express high levels of iNOS, TNF-α, and IL-6, while Akt2^−/−^ macrophages express high levels of Fizz1, Chi313, and IL-10 \[[@CR43]\]. These data suggest that Akt1 ablation gives rise to an M1 phenotype and that Akt2 ablation results in an M2 phenotype \[[@CR47]\]. Additionally, microRNA (miR)-155 and its target CAAT/enhancer-binding proteinβ (C/EBPβ) are critical for Akt isoform-dependent M1/M2 polarization of macrophages \[[@CR43]\]. Akt1 leads to upregulation of miR-155 and consequent inhibition of C/EBPβ, which finally blunts the M1 macrophage reaction \[[@CR43], [@CR47]\]. Conversely, Akt2 promotes M1 phenotype transformation by an opposite influence on miR-155 and C/EBPβ \[[@CR43]\].

Notch signaling pathway {#Sec8}
-----------------------

The Notch signaling pathway is an evolutionarily conserved pathway \[[@CR48]\]. The Notch receptor family is divided into four classes: Notch1, Notch2, Notch3, and Notch4. These classes, especially Notch1, are widely expressed in various organs and tissues \[[@CR49]\]. Ligands of Notch receptors are divided into two families: Delta-like 1, 3, and 4 and the JAG-type ligands Jagged-1 and -2 \[[@CR50]\].The Notch signaling pathway plays a critical role in M1 phenotype polarization \[[@CR51]\]. Activation of Notch signaling promotes macrophage polarization from M2 to M1 and increases M1 macrophage-associated gene expression. In contrast, macrophages deficient in canonical Notch signaling typically show the M2 phenotype \[[@CR51], [@CR52]\]. Notch signaling can not only promote M1 macrophage differentiation, but also prevent M2 macrophage differentiation by binding with Delta-like 4, thus modulating the expression of M2-specific gene expression and apoptotic cell death \[[@CR53]\]. Notch signaling can function through both canonical and non-canonical pathways \[[@CR54]\]. In Notch canonical signaling, the binding of a Notch ligand with its receptor triggers cleavage of Notch by a furin-like convertase \[[@CR29]\]. Receptors release the Notch intracellular domain (NICD) by two subsequent proteolytic cuts, the first by a disintegrin and metalloproteinase domain (ADAM)-type proteinase and the second by a γ-secretase, which results in the liberation and nuclear translocation of NICD \[[@CR54]\]. The binding of NICD to the sequence-specific DNA-binding factor recombinant binding protein for immunoglobulin region κJ (RBP-J) leads to the formation of a transcriptional activator complex that induces the transcriptional expression of genes under the control of Notch \[[@CR29]\]. Activated Notch1 and expression of the Notch target genes significantly modulate the expression of TNF-α, IL-6, and IL-10 through activation of nuclear transcription factor-κB (NF-κB) \[[@CR51]\]. However, in the non-canonical pathway, NICD activity is independent of both RBP-J and cleavage of the γ-secretase complex \[[@CR55]\].

JAK/STAT signaling pathway {#Sec9}
--------------------------

The Janus family kinases (JAKs), including JAK1, JAK2, JAK3, and TYK2, belong to the subgroup of non-receptor protein tyrosine kinases \[[@CR56]\]. JAKs exert their effect mainly through activation of cytosolic DNA-binding proteins called signal transducers and activators of transcription (STATs). STATs include seven family members (STATs 1--6, including two STAT5 genes) \[[@CR57]\]. Accumulating evidence has confirmed that many cytokines regulate macrophage phenotypes and activation via the JAK/STAT signaling pathway \[[@CR57]--[@CR59]\]. STAT1 is the most important mediator of M1 macrophage polarization induced by IFN-γ \[[@CR31]\]. Binding of the IFN-γ ligand to its receptor induces JAK1/2-mediated tyrosine phosphorylation and subsequent dimerization of STAT1, which binds as a homodimer to cis elements known as IFN-γ-activated sites in the promoter of target M1 signature genes \[[@CR31]\]. Hence, the IFN-γ/JAK/STAT1 pathway is believed to be a key component of M1 phenotype modulatory factors \[[@CR29]\]. Oh et al. \[[@CR60]\] found that asaronic acid could attenuate macrophage activation toward the M1 phenotype through inhibition of JAK/STAT1 signaling. Liang et al. \[[@CR61]\] reported that downregulation of suppressor of cytokine signaling 1 (SOCS1) could promote M1 macrophage polarization via the JAK1/STAT1 pathway. However, the role of type I IFN-mediated signaling in macrophage polarization remains unclear \[[@CR29]\]. Type I IFN can exhibit anti-inflammatory activity in certain conditions, and IFNα/β receptor signaling inhibits resistance to *Listeria monocytogenes* infection by inducing macrophage apoptosis \[[@CR29]\]. This suggests that IFNγ- and IFNα/β-mediated STAT1 activation might have a different effect on macrophage polarization in vivo \[[@CR31]\]. IFN-γ activates JAK/STAT-1 phosphorylation, which leads to M1-like macrophage polarization. In contrast, IFN-α/β induces the expression of SOCS3, which inhibits STAT-1 phosphorylation. Moreover, STAT3 is reportedly an important transcription factor for the activation of macrophages and augmentation of inflammation \[[@CR62]\]. Suppressing STAT3 activity has a protective effect on LPS-induced ALI via inhibition of expression of proinflammatory genes and polarization of M1 macrophages \[[@CR62]\]. STAT6 is a crucial transcription factor in the activation of M2 macrophages induced by IL-4 or IL-13 \[[@CR63]\]. IL-4 type I and II receptors activate STAT6, which in turn promotes expression of genes typical of M2 polarization \[[@CR63]\]. SOCS proteins are described as feedback inhibitors of the JAK/STAT signaling pathway \[[@CR64]\]. In the process of macrophage polarization, JAK/STAT signaling is activated while the expression of SOCS1 and SOCS3 is upregulated \[[@CR64]\]. This upregulation of SOCS1 and SOCS3 in turn suppresses the action of STAT1 and STAT3, respectively, which can terminate innate and adaptive immune responses \[[@CR64], [@CR65]\]. Moreover, the recognition component of the classical complement cascade C1q might also inhibit STAT1 phosphorylation with subsequent suppression of M1 macrophage polarization \[[@CR29]\].

TLR4/NF-κB signaling pathway {#Sec10}
----------------------------

TLR engagement, particularly TLR4 stimulated by LPS and other microbial ligands, leads to NF-κB activation and production of inflammatory mediators associated with the M1 phenotype \[[@CR63]\]. TLR4 signaling includes both the myeloid differentiation factor 88 (MyD88)-dependent and MyD88-independent pathways \[[@CR4]\]. In the MyD88-independent pathway, TLR4 recruits TIR domain-containing adaptor-inducing IFN-β and TIR domain-containing adaptor molecule 2 \[[@CR4]\]. Activation of the MyD88-indpendent pathway leads to the activation and translocation of IFN regulatory factor 3 (IRF3) in the nucleus, thus inducing the secretion of type I IFN \[[@CR4]\]. IRF3 is involved in regulating M1 polarization and M1-associated gene induction \[[@CR23]\]. IFN-stimulated genes include chemokine CXCL9 and CXCL10, which are characteristic of classical M1 macrophage activation \[[@CR23]\]. In the MyD88-dependent pathway, TLR4 recruits MyD88, MyD88 adaptor-like, IL-1 receptor-associated kinase, and TNF receptor-associated factor 6 \[[@CR66]\]. The activation of this pathway finally induces the activation and translocation of NF-κB in the nucleus \[[@CR66]\]. NF-κB regulates the expression of a large number of inflammatory genes including TNF-α, IL-1β, cyclooxygenase 2, and IL-6, which are associated with macrophage M1 activation \[[@CR23]\]. However, NF-κB activation also activates a genetic program essential for resolution of inflammation and M2 polarization of TAMs \[[@CR63]\]. Otherwise, macrophage polarization is actually related to the expression ratio of various TLRs on macrophages \[[@CR23]\]. The TLR4/TLR2 ratio is significantly higher in M1 than M2 macrophages \[[@CR23]\].

TGF-β signaling pathway {#Sec11}
-----------------------

The secretory TGF-β protein family includes TGF-β1, TGF-β2, TGF-β3, activins, and growth factors, which have pleiotropic effects on adaptive immunity \[[@CR67]\]. The TGF-β receptor complex is composed of two type I TGF-β receptors (TGF-βRI) and two type II TGF-β receptors (TGF-βRII) \[[@CR67]\]. TGF-β triggers signaling in cells by binding to the TGF-β receptor complex \[[@CR68]\]. Active TGF-β binds to a dimer of TGF-βRII, which associates with a dimer of TGF-βRI to form a tetrameric receptor complex. TGF-βRII then phosphorylates the cytoplasmic domain of TGF-βRI \[[@CR68]\], allowing TGF-βRI to directly phosphorylate Smad2/3. Once phosphorylated, Smad2/3 forms a complex with either Smad4 or TIF1γ to modulate gene expression by binding to Smad-responsive regulatory regions \[[@CR67]\]. This signal transduction is called the Smad-dependent signaling pathway. TGF-β can also trigger non-Smad-mediated or Smad-independent signaling events (e.g., via MAPK, Rho GTPases, or PI3K) to regulate gene expression \[[@CR67]\]. In Smad-dependent pathways, TGF-β upregulates the expression of M2 phenotype genes and induces macrophages to undergo M2 polarization \[[@CR69]\]. Conversely, in Smad-independent signaling pathways, TGF-β activates MAPK pathways, JNK, p38, and NF-κB by the TGF-β-activated kinase 1 protein, which can reprogram macrophages to the M1 phenotype, particularly when the Smad-dependent signaling pathway is blocked \[[@CR69]\]. Moreover, the effect of Smad-dependent pathways on M2 polarization is under the control of Smad7. Smad7 can bind to TGF-βRI and prevent Smad2/3/4 complex formation, thereby inhibiting the production of anti-inflammatory M2 cytokines \[[@CR69]\]. Additionally, TGF-β reportedly induces an M2-like phenotype via SNAIL upregulation and blockade of TGF-β/SNAIL signaling, thus restoring the production of proinflammatory cytokines \[[@CR70]\].

HIF-α {#Sec12}
-----

Hypoxic conditions can directly influence macrophage polarization \[[@CR23]\]. Hypoxia-inducible transcription factor (HIF) is an important regulator of hypoxia-related macrophage polarization \[[@CR69]\]. HIF is composed of an HIF-β subunit and HIF-α subunit \[[@CR69]\]. HIF-β is constitutively expressed in the cell, whereas HIF-α is an oxygen-sensitive subunit \[[@CR69]\]. Hypoxia exerts its effect on macrophage polarization via two isoforms of HIF-α: HIF-1α and HIF-2α \[[@CR71]\]. In a hypoxic microenvironment, the activity of the prolyl-4-hydroxylase domain enzyme decreases and HIF-α consequently accumulates, which promotes the formation of an HIF-α/HIF-β dimer \[[@CR69]\]. Takeda et al. \[[@CR72]\] reported that HIF-1α and HIF-2α might drive macrophage polarization by modulating NO homeostasis. In fact, under hypoxia, either HIF-1α or HIF-2α is activated depending on the extent of the hypoxia \[[@CR69]\]. HIF-1α induces iNOS synthesis and M1 phenotype formation, but HIF-2α activates Arg-1 and induces M2 polarization \[[@CR69]\].

IRF {#Sec13}
---

IRFs were originally described as regulators of type I IFN expression and signaling and are important mediators of macrophage polarization \[[@CR31]\]. There are nine IRFs in mammals, and several members have been reported in relation to a specific phenotype \[[@CR30], [@CR31]\]. IRF4 was shown to regulate M2 macrophage polarization and its associated gene expression profile \[[@CR73], [@CR74]\], and this process is likely associated with histone demethylase JMJD3 \[[@CR75]\]. High expression of IRF5 was observed in M1 macrophages and was subsequently described as an important regulator in M1 macrophage polarization \[[@CR30]\]. IRF5 can be directly recruited to gene promoters associated with the M1 phenotype and then activate the transcription of proinflammatory genes and inhibit anti-inflammatory IL-10 expression \[[@CR31], [@CR76]\]. IRF1 can be described as an important mediator in M1 polarization via cooperation with NF-κB and antagonization of IRF4 function \[[@CR30]\].

PPARγ and LXRα {#Sec14}
--------------

Peroxisome proliferator-activated receptor γ (PPARγ), a nuclear receptor, has been described as an important determinant of IL-4 or IL-13-induced M2 macrophage polarization \[[@CR77]\]. PPARγ is constitutively expressed and is a master regulator of lipid metabolism in adipose tissue macrophages \[[@CR31]\]. PPARγ expression can also be induced by IL-4 and IL-13, indicating that M2 polarization in the context of Th2 cell responses might also involve PPARγ \[[@CR78]\]. Studies have shown the role of PPARγ in promoting M2 activation to protect mice from insulin resistance by using PPARγ-deficient macrophages \[[@CR77]\]. Researchers have proposed that obesity and/or inflammatory stress can lead to a polarized macrophage phenotypic switch from M2 to M1 in adipose tissue, leading to further inflammation and insulin resistance in the absence of PPARγ-mediated proinflammatory gene repression \[[@CR31]\]. Several studies have shown that cross talk exists between PPARγ and the IL-4/STAT6 axis or endogenous PPARγ ligands, which might coordinately control the M2 phenotype \[[@CR31], [@CR79]\]. Another nuclear receptor, liver X receptor α (LXRα), is similar to PPARγ and plays an important role in M2 macrophage polarization. LXRα can upregulate Arg-1 expression and suppress inflammatory signaling in macrophages \[[@CR30]\].

c-Myc {#Sec15}
-----

c-Myc is a pleiotropic transcription factor involved in a variety of biological process, including cell proliferation, biosynthetic metabolism, and apoptosis \[[@CR80]\]. In the immune compartment, c-Myc is involved in the process of M2 macrophage polarization \[[@CR23]\]. The transcription factor c-Myc can be activated by IL-4 and different stimuli sustaining M2-like polarization, after which it translocates to the nucleus \[[@CR80]\]. c-Myc not only directly promotes M2 polarization-associated gene expression, but also induces an M2-like phenotype via upregulation of STAT6 and PPARγ \[[@CR80]\].

KLF4 and KLF6 {#Sec16}
-------------

Krüppel-like factors (KLFs) are a subfamily of the zinc finger class of DNA-binding transcriptional regulators \[[@CR81]\]. Among the members of this gene family, KLF4 has been identified as an essential regulator of macrophage M1/M2 polarization and attendant functions \[[@CR82]\]. In one study, KLF4 expression was robustly induced in M2 macrophages and strongly reduced in M1 macrophages \[[@CR82]\]. Using myeloid-specific transcription factor KLF4 knockout mice, Liao et al. \[[@CR82]\] demonstrated the role of KLF4 in regulating M2 polarization of macrophages and protecting mice from obesity-induced insulin resistance. KLF4 cooperated with STAT6 to induce an M2 genetic program and inhibit M1 targets by suppressing NF-κB/HIF-1α-dependent transcription \[[@CR82]\]. Compared with KLF4, KLF6 has an adverse effect on macrophage M1/M2 polarization \[[@CR83]\]. Date et al. \[[@CR83]\] showed that KLF6 expression was enhanced by proinflammatory M1 stimuli and suppressed by M2 stimuli in human and murine macrophages. KLF6 promoted M1 polarization via cooperation with NF-κB and inhibited M2 polarization by suppressing PPARγ expression \[[@CR83]\].

miRs and polarization {#Sec17}
---------------------

Functional miRs are believed to form a set of networks to modulate macrophage polarization and control the M1/M2 phenotype switch \[[@CR69]\]. In response to macrophage reprogramming factor (RF), a specific set of miR expression can be induced. RF-M1s induce the synthesis of miR-155, miR-21, miR-29b, miR-125, miR-9, miR-146a, and miR-147, whereas RF-M2s induce the synthesis of miR-146b, miR-511, miR-187, miR-378, miR-222, miR-27a, miR-125a-3p, and miR-125a-5p \[[@CR69]\]. miR-155 reportedly plays an important role in Akt-regulated and IL-13-induced M1/M2 polarization \[[@CR23], [@CR84]\]. Overexpression or depletion of miR-155 promotes macrophages to exhibit the M1 or M2 phenotype by regulation of transcription factor C/EBP-β \[[@CR23]\]. miR-155 increases stability of the TNF-α transcript, decreases synthesis of SOCS1, and decreases the effect of TGF-β on M2 reprogramming \[[@CR69]\]. miR-155 can also shift the M2 phenotype of TAM to M1, thereby promoting the development of anti-tumor immunity \[[@CR85]\]. Similarly, miR-29b and miR-125 promote formation of the M1 phenotype, whereas miR-146a, miR-9, miR-21, and miR-147 have a negative effect on M1 polarization \[[@CR69]\]. Ponomarev et al. \[[@CR86]\] found that miR-124 regulates macrophage plasticity and deactivate macrophages in a C/EBPα-dependent manner. Moreover, miR-223 can reportedly regulate macrophage polarization by targeting Pknox 1 \[[@CR87]\]. Both miR-124 and miR-223 are believed to be associated with the immunosuppressive macrophage phenotype \[[@CR23]\]. Banerjee et al. \[[@CR88]\] found overexpression of miR-let-7c in M2-type macrophages and not in M1-type macrophages. Upregulation of miR-let-7c promotes M2 polarization \[[@CR88]\]. In contrast, miR-511 and miR-378 are negative regulators of the macrophage M2 response \[[@CR69]\].

Role of macrophage polarization in ALI/ARDS {#Sec18}
-------------------------------------------

ARDS is a devastating disease with distinct pathological stages, including an exudative phase, rehabilitation phase, and fibrotic phase \[[@CR8], [@CR25]\]. Macrophages are highly plastic cells that play diverse roles in all three different pathological stages based on the microenvironment (Fig. [2](#Fig2){ref-type="fig"}). Two main classes of macrophages exist in the lung. The first class is alveolar macrophages (AMs), which reside within the lumen of the alveolus and are the most abundant population \[[@CR89]\]. The main function of AMs is to phagocytize foreign particles and catabolize surfactant \[[@CR89], [@CR90]\]. The other class is interstitial macrophages, which account for 30--40% of lung macrophages \[[@CR89]\]. The function of interstitial macrophages is thought to be associated with tissue remodeling and repair, antigen presentation, and modulation of dendritic cell functions \[[@CR89], [@CR91]\]. AMs can be further divided into two subpopulations according to their functional state and sources: long-lived resident AMs and recruited AMs \[[@CR8]\]. The long-lived resident AMs act as a uniform, quiescent, and immunosuppressive population and mainly present the M2 phenotype \[[@CR8], [@CR92]\]. However, peripheral blood monocytes are recruited into the alveolar lumen in response to certain stimuli \[[@CR8]\]. This population of AMs are called recruited AMs and differentiate into macrophages with the M1 phenotype \[[@CR93]\]. Accumulating evidence suggests that macrophages, including both resident AMs and recruited AMs, are key factors in the pathogenesis of ALI/ARDS \[[@CR8]\].Fig. 2Dynamics between M1 and M2 macrophages during ALI/ARDS. Macrophages undergo dynamic changes in the different phases of ALI/ARDS, predominantly displaying the M1 or M2 phenotype. Under certain stimuli, normal resident AMs shift to the M1 phenotype during the exudative phase of ALI/ARDS. M1 macrophages release various proinflammatory cytokines at the site of inflammation, and neutrophils are then recruited from the circulation into the lungs and alveolar spaces. Excessive accumulation of proinflammatory factors and neutrophils promote progression of inflammation and lung injury. After causative factors are eliminated, macrophages shift from the M1 phenotype to the M2 phenotype, and ALI/ARDS progresses to the rehabilitation stage. M2 macrophages play an important role in inflammation resolution and lung tissue repair by limiting the levels of proinflammatory cytokines and enhancing the production of anti-inflammatory cytokines. Clearance of apoptotic neutrophils and debris is also attributed to M2 macrophages, which are helpful for inflammation termination and lung tissue repair. During the later fibrotic phase of ALI/ARDS, the balance of M1/M2 macrophages determines the trend and extent of lung fibrosis. M1 macrophages release MMPs and CXCL10 to promote matrix degradation and decrease fibrosis. Persistence of M2 macrophages promotes fibroproliferation and ECM deposition by enhanced expression of TIMP, Arg-1, IL-13, and IL-4. Balanced M1/M2 polarization shifts lung injury toward normal lung repair. *IL* interleukin, *MCP-1* monocyte chemotactic protein 1, *MIP-2* macrophage inflammatory protein 2, *TNF-α* tumor necrosis factor α, *ROS* reactive oxygen species, *FN-1* fibronectin 1, *TGF-β* transforming growth factor β, *IGF1*, insulin-like growth factor 1, *Arg-1* arginase-1, *TIMP* tissue inhibitor of metalloproteinase, *MMPS* matrix metalloproteinase, *ECM* extracellular matrix

Exudative phase of ALI/ARDS {#Sec19}
---------------------------

In this stage, the resident AMs immediately shift to the predominant M1 phenotype in response to infection-induced activation of TLRs or other recognition receptors \[[@CR94]\]. Excessive production of macrophages can contribute to tissue damage. These AMs release a variety of inflammatory cytokines such as IL-1β, IL-6, MCP-1, MIP-2, TNF-α, and ROS \[[@CR95]\]. The neutrophils induced by these proinflammatory factors are then recruited from the intravascular space, cross the endothelium and epithelium, and finally move into the lungs and alveolar spaces. Excessive accumulation of proinflammatory factors and neutrophils can lead to lung tissue damage \[[@CR8]\]. Recent studies have shown that some naturally derived or synthesized materials can ameliorate the prognosis of ALI in animal models by inhibiting M1 polarization of AMs \[[@CR96]--[@CR100]\]. Therefore, M1 macrophages serve as promoters in the process of lung tissue damage in ALI/ARDS. However, recent studies have demonstrated that M1 macrophages can protect against LPS-induced ALI and ventilator-induced lung injury via enhanced expression of amphiregulin, inhibiting the gene expression of proinflammatory cytokines and protecting the epithelial barrier \[[@CR101]\].

Rehabilitation phase of ALI/ARDS {#Sec20}
--------------------------------

Following the exudative phase, the second phase of ALI/ARDS is the rehabilitation phase. In the rehabilitation phase of ALI/ARDS, pathogenic factors are eliminated, and resident and recruited macrophages then shift from the M1 to the M2 phenotype \[[@CR8]\]. The phagocytosis of apoptotic neutrophils by macrophages acts as one of the driving factors that promotes the M2 phenotype \[[@CR102]\]. M2 macrophages can enhance the expression of IL-10, fibronectin 1, and the TGF-β-induced matrix-associated proteins BIG-H3 and insulin-like growth factor 1 and limit the levels of proinflammatory cytokines; this promotes repair of host tissues, reduces alveolar epithelial cell damage, and increases the pulmonary barrier function after inflammation \[[@CR8], [@CR103]\]. Apart from the regulation of proinflammatory and anti-inflammatory cytokines, M2 macrophages can also activate anti-inflammatory signaling, terminate proinflammatory responses, and finally promote rehabilitation of lung injury by the clearance of apoptotic neutrophils from inflammatory sites \[[@CR8]\]. Phagocytosis of apoptotic neutrophils by M2 macrophages further increases the production of anti-inflammatory factors such as IL-10 and TGF-β, which may be beneficial for inflammation control \[[@CR103]\]. Phagocytosis also inhibits the expression of iNOS and stimulates the expression of Arg-1, thereby preventing ROS production \[[@CR102]\]. In a *Pseudomonas aeruginosa* infection-induced ALI murine model, macrophages demonstrated peak expression of the M2 marker (transferrin receptor) during the resolution phases of lung injury in the alveolar space \[[@CR102]\]. Moreover, Shirey et al. \[[@CR104]\] reported that respiratory syncytial virus could induce AMs to produce IL-4 and IL-13, which contribute to M2 macrophage differentiation and disease resolution in respiratory syncytial virus-induced lung injury. Additionally, Tu et al. \[[@CR105]\] found that methylprednisolone could attenuate LPS-induced ALI by increasing the number of M2 macrophages and induction of M2 polarization. These results suggest that M2 macrophages are key orchestrators in the regulation of lung damage and tissue repair in the rehabilitation phase of ALI/ARDS.

Fibrotic phase of ALI/ARDS {#Sec21}
--------------------------

Pulmonary fibrosis, a late complication of ALI/ARDS, is characterized by fibroblast proliferation and excessive deposition of ECM \[[@CR8], [@CR106]\]. The fibrotic phase of ALI/ARDS is linked to prolonged mechanical ventilation and increased mortality \[[@CR106]\]. Following destruction of the basement membrane integrity, M1 and M2 macrophages are recruited into the lung tissue injury site to regulate the formation of fibrosis. M1 macrophages play an important role in matrix degradation by direct and indirect production of matrix metalloproteinases (MMPs) and a variety of antifibrotic cytokines such as CXCL10 \[[@CR107], [@CR108]\]. The production of MMPs is important for remodeling of the ECM, which contributes to resolution of the pathological fibroproliferative response in the later phase of ALI/ARDS \[[@CR107]\]. M1 macrophages can also induce myofibroblasts to express MMP-13 and MMP-3 \[[@CR107], [@CR109]\]. In contrast to the expression of MMPs by M1 macrophages, M2 macrophages markedly express anti-inflammatory cytokines and tissue inhibitors of metalloproteinase, which impair remodeling of excessive ECM \[[@CR107], [@CR110]\]. Moreover, co-culture of M2 macrophages with myofibroblasts can induce complex ECM deposition \[[@CR107]\]. Arg-1 is an important M2 macrophage-associated molecule that can degrade L-arginine into L-proline \[[@CR27], [@CR107]\]. It can be used to produce collagen by myofibroblasts \[[@CR111]\]. Prolonged effects of IL-13 and IL-4 on AMs promote the presence of M2 macrophages and, finally, excessive fibrogenesis \[[@CR8]\]. Therefore, M2 macrophages are usually believed to be more promotive of a fibroproliferative microenvironment. However, some recent contradictory results have been presented. IL-4-polarized M2 macrophages can reportedly inhibit fibrosis by expressing Arg-1 and resistin-like α genes (surface marker of the M2 phenotype) \[[@CR112]\]. Wakayama et al. \[[@CR113]\] found that dental pulp stem cells could attenuate bleomycin-induced lung fibrosis by inducing M2-like lung macrophages. Therefore, macrophages are paradoxically involved in the process of lung fibrosis. The magnitude of myofibroblast activation and deposition of ECM and the severity of lung tissue fibrosis may be partly dependent on the balance of M1 versus M2 macrophages in the local microenvironment of lung tissue injury.

Summary and perspective {#Sec22}
-----------------------

This paper has reviewed the origin, polarization, and polarization regulation of macrophages and the role of macrophage polarization in various stages of ALI/ARDS. A much better understanding of the role that macrophage polarization plays in inflammatory, reparative, and fibrotic responses relevant to ALI/ARDS pathogenesis may pave the way for new therapeutic tools to effectively treat ALI/ARDS.

Macrophages are believed to have multiple origins, including HSCs, the yolk sac, and the fetal liver. A high degree of plasticity is the fundamental characteristic of the macrophage. There are two main polarization states of macrophages according to their responses to environmental stimuli: the M1 and M2 phenotypes. Macrophages can switch from one phenotype to another when the environmental stimuli change. Generally, M1 macrophages are mainly involved in proinflammatory activity and tissue damage, whereas M2 macrophages have converse properties. The regulation of macrophage polarization involves a highly complex set of regulatory networks at both the transcriptional and post-transcriptional levels.

Macrophages are important effector cells that participate in all stages of ALI/ARDS, including the exudative phase, rehabilitation phase, and fibrotic phase. In the exudative phase of ALI/ARDS, lung macrophages shift into the M1 phenotype and act as potent promoters to induce severe inflammatory responses and lung tissue damage. Following entry into the rehabilitation stage, M2 macrophages are increasingly prominent in lung tissues and serve as key orchestrators in regulating lung tissue damage and repair and promoting disease resolution. Excessive M2 polarization contributes to the pathological fibroproliferative response and pulmonary fibrosis in the later fibrotic phase of ALI/ARDS. However, the functions of different macrophage subsets are not absolutely defined in each phase of ALI/ARDS. Some studies have shown that in the acute exudative phase of ALI/ARDS, M1 macrophages can attenuate the proinflammatory response and protect the epithelial barrier from injury. Similarly, the M2 phenotype is reportedly involved in the antifibrotic process in the fibrotic stage of ALI/ARDS. Therefore, the properties and functions of each macrophage subpopulation are not rigorously inflexible. Macrophages are paradoxically involved in inflammation, tissue repair, and fibrosis in ALI/ARDS. Nonetheless, targeting macrophage polarization for ALI/ARDS treatment has been proven effective and promising in many preclinical studies \[[@CR96]--[@CR99], [@CR105], [@CR112]\]. Limiting excessive proinflammatory responses and tissue damage and balancing excessive fibrosis and tissue repair via regulation of macrophage activation and polarization represent novel and potential therapeutic targets for ALI/ARDS. However, several issues remain unresolved, such as the underlying signaling pathways of macrophage polarization and the mechanisms of cell--cell communication in the process of macrophage activation and polarization. Thus, fully elucidating how macrophage polarization can be manipulated to improve the outcome of ALI/ARDS requires further time and effort. Although macrophage polarization-based therapy for lung injury is still a long way off, we hope that this review provides valuable information that may be helpful in developing novel therapies for ALI/ARDS.
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